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Introduction: Berberine (BBR) is a plant-derived benzylisoquinoline alkaloid and has been 

demonstrated to be a potential treatment for various chronic diseases. The poor water solubility 

and P-glycoprotein (Pgp)-mediated drug efflux are the main challenges for its further applica-

tion in a clinical setting.

Materials and methods: In this study, a Brij-S20 (BS20)-modified nanocrystal formulation 

(BBR-BS20-NCs) has been developed and investigated with the purpose of improving the 

intestinal absorption of BBR. The physicochemical properties of the developed BBR-BS20-

NCs were characterized and the enhancement of the BBR-BS20-NCs on BBR absorption were 

investigated both in vitro and in vivo.

Results: The results indicated that BS20 could significantly enhance the intracellular uptake of BBR 

in MDCK-MDR1 cells via a short-term and reversible modulation on the Pgp function, accompanied 

by a marked increase in Pgp mRNA expression but without significant influence on the Pgp protein 

expression. Moreover, the morphology of the prepared BBR-BS20-NCs was observed to be prism-like, 

with a smooth surface and an average diameter of 148.0 ± 3.2 nm. Compared to raw BBR and physical 

mixture, BBR-BS20-NCs facilitated the dissolution rate and extent of release of BBR in aqueous solu-

tion, and further increased the absorption of BBR in MDCK-MDR1 monolayer by overcoming the 

Pgp-mediated secretory transport (P
app

[BL-AP] values of 2.85 ± 0.04 × 10-6 cm/s, 2.21 ± 0.14 × 10-6 

cm/s, and 2.00 ± 0.07 × 10-6 cm/s for pure BBR, physical mixture, and BBR-BS20-NCs, respectively). 

Significant improvements in the maximum concentration observed (C
max

) and area under drug con-

centration-time curve (AUC
0–t

) of BBR-BS20-NCs were obtained in pharmacokinetic studies com-

pared to pure BBR, and the relative bioavailability of BBR-BS20-NCs to pure BBR was 404.1%.

Conclusion: The developed BBR-BS20-NCs combine the advantages of nanocrystal formulation 

and functional excipient. The novel pharmaceutical design provides a new strategy to improve 

the oral bioavailability of those drugs with both poor water solubility and Pgp-mediated efflux.

Keywords: berberine, poor water solubility, Pgp-mediated drug efflux, Brij, nanocrystals

Introduction
Solubility and permeability are the two most important factors affecting drug oral bioavail-

ability. The US Food and Drug Administration’s biopharmaceutics classification system 

provides a mechanistic framework for understanding the concept of drug absorption in 

terms of permeability and solubility.1 In the past decades, numerous methods have been 

developed to improve the solubility of poorly water-soluble drugs.2,3 The widely reported 

approaches include solid dispersions,4 soluble cyclodextrin complexes,5 self-emulsifying 

drug delivery systems,6 various types of nanocarriers,7,8 and nanocrystal formulations.9 

On the other hand, to enhance the intestinal absorption of the drugs with P-glycoprotein 
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(Pgp)-mediated drug efflux, co-formulation with Pgp inhibitors 

or modulators might be one of the most efficient approaches.10–12 

However, in order to minimize the unexpected side effects and 

effects on intestinal functions, the co-formulated inhibitors or 

modulators should be biologically nonactive and Pgp inhibition 

reversible. This presents a great challenge for pharmaceutical 

development of those drugs that are characterized as having 

poor water solubility and Pgp-mediated efflux.

Berberine (BBR) is a benzylisoquinoline alkaloid that is 

widely distributed in numerous medicinal plants included in 

the families of Berberidaceae, Papaveraceae, Mao Langke, 

Rutaceae, Menispermaceae, and Rhamnaceae, among others 

(Figure 1).13 BBR is one of the main active ingredients of 

these medicinal plants and is widely used in clinics due to its 

potential antidiarrheal14,15 and antibacterial applications.16,17 

In recent years, BBR has been demonstrated to be effec-

tive against various chronic diseases,18 such as diabetes 

mellitus,19,20 hyperlipidemia,21 neurodegenerative diseases,22,23 

antioxidation,24 inflammation,25,26 and tumors.27–29 All the sci-

entific evidence provides new perspectives for the extended 

use of BBR in clinical applications. However, the oral bioavail-

ability of BBR has been reported to be extremely poor (,1%), 

because of its poor aqueous solubility,30 extensive intestinal 

elimination,31 and hepatobiliary excretion,32 as well as the 

Pgp-mediated efflux induced low intestinal permeability.33 

The medical efficacy of BBR may never be obtained for 

the patients taking BBR as a therapeutic agent. Therefore, 

improvement of its solubility and intestinal absorption 

are the main challenges for further applications of BBR.

Nanocrystals (NCs) are defined as nanoparticles of pure 

drug without any matrix material and with an average diam-

eter ,1 µm (typically in the range of 100–500 nm).34,35 The NCs 

could be well dispersed in a liquid medium (also called nano-

suspensions) with a minimum amount of surfactant (or poly-

mers). Mechanically, NCs have been demonstrated to enhance 

the oral bioavailability of poorly soluble drugs by improving 

the solubility and dissolution rate and extending the bioadhe-

sion of the drugs to the intestinal wall.36,37 Recently, functional 

NCs modified with Pgp inhibitory surfactants were noticed 

and reported by some researchers.38,39 The novel formulation 

design provides a new strategy for those drugs that are char-

acterized as having poor solubility and Pgp-mediated efflux.

Brij surfactants (Brijs) belong to the family of polyoxyeth-

ylene ethers and include four chemical types: polyoxyethylene 

lauryl ether, polyoxyethylene cetyl ether, polyoxyethylene 

oleyl ether, and polyoxyethylene stearyl ether. Some Brijs 

Figure 1 Plant of Rhizoma Coptidis (A), chemical structure of berberine (B), and Rhizoma Coptidis (C).
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have been widely used in pharmaceutical formulations to 

enhance the solubility of poorly water-soluble drugs.40 More-

over, Brijs have been reported to present inhibitory effects on 

Pgp functions but without causing effects on the expression of 

Pgp in cancer cells.41 In our previous study, polyoxyethylene 

(23) lauryl ether (trade name Brij-35 or Brij-L23) was found 

to significantly increase the permeation of bis(12)-hupyri-

done (a substrate of Pgp) through Caco-2 monolayer.42 All 

the investigations suggested that Brijs might be developed 

as safe and effective Pgp modulators to enhance the oral 

bioavailability of those drugs that act as Pgp substrates.

In the present study, the effects of Brij-S20 (BS20) on 

the expression and function of Pgp in MDCK-MDR1 cells 

were investigated. Moreover, the physicochemical properties 

and in vitro characteristics of the developed BS20-modified 

nanocrystal formulation of BBR (BBR-BS20-NCs) were 

determined. The enhancement effects of the BBR-BS20-

NCs on permeability, overcoming the poor solubility and 

Pgp-mediated efflux for BBR, were evaluated using MDCK-

MDR1 cell monolayer. Finally, the pharmacokinetic study 

investigated the bioavailability improvement of BBR-BS20-

NCs via oral administration in male Sprague Dawley rats.

Materials and methods
chemicals and reagents
BBR was purchased from Oddfoni Biological Technology Com-

pany (Nanjing, China). Verapamil, cyclosporin A (CsA), and 

Rhodamine123 were purchased from J&K Scientific Ltd. (Bei-

jing, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide (MTT), methanol, dimethyl sulphoxide (DMSO), 

and Brijs (Brij-L4, decaethylene glycol monododecyl ether [BD], 

Brij-L23, Brij-52 Brij-C10, Brij-58, Brij-93, Brij-O10, Brij-

O20, Brij-S2, Brij-S10, Brij-S20, Brij-S100, D-α-Tocopherol 

polyethylene glycol 1000 succinate [TPGS]) were purchased 

from Sigma-Aldrich Co. (St. Louis, MO, USA). High-perfor-

mance liquid chromatography (HPLC) grade acetonitrile was 

purchased from Merck Company (Darmstadt, Germany).

ATPlite luminescence ATP detection assay system was 

bought from Perkin Elmer (Waltham, MA, USA). Pgp-Glo 

assay system with human Pgp membrane was obtained from 

Promega (Madison, WI, USA). All materials for cell culture were 

obtained from Thermo Fisher Scientific (Waltham, MA, USA). 

Antibodies against Pgp and GAPDH, and anti-rabbit IgG were 

obtained from Cell Signaling Technology (Beverly, MA, USA).

cell culture
Madin-Darby canine kidney cell line transfected with the 

multidrug resistance 1 gene (MDCK-MDR1) was a kind 

gift from Prof P Borst (the Netherlands Cancer Institute, 

Amsterdam, the Netherlands). The use of MDCK-MDR1 

was approved by the Institute of Chinese Medical Sciences, 

University of Macau, for research purpose. MDCK-MDR1 

cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% heat-inactivated fetal 

bovine serum and 1% penicillin/streptomycin (P/S) at 37°C 

in humidified 5% CO
2
 atmosphere.

Cytotoxicity assay
MDCK-MDR1 cells were seeded on 96-well plates (1 × 

104 cells/well) and allowed to adhere overnight. The cells 

were treated with indicated concentrations of BS20, BBR, 

or BBR-BS20-NCs for 3 h, respectively. Cell viability was 

examined using the MTT assay.42 Moreover, the cytotoxic-

ity of BS20 to MDCK-MDR1 cells in 24 h was determined 

with the same protocol. The experimental concentrations for 

all tested chemicals were less than the maximum nontoxic 

concentrations (cell survival .90% vs control).

Effects of Brij-S20 on P-glycoprotein
cellular uptake
The effect of BS20 on Pgp-mediated drug efflux was assessed 

by determining the cell uptake of BBR in MDCK-MDR1 cells. 

Briefly, MDCK-MDR1 cells were seeded on six-well plates 

(5 × 105 cells/well) and allowed to adhere overnight. After the 

cells reached 70%–80% confluence, the culture medium was 

replaced with BBR (100 µM) in the absence or presence of 

verapamil (10 µM), CsA (2 µM), or BS20 (8.1 µM, equaled to 

that in the nanocrystal formulation) and incubated at 37°C for 90 

min. Thereafter, the cells were washed twice with ice-cold PBS 

and then lysed in 100 µL of methanol-water (80:20, v/v). The 

content of BBR in the lysate was quantified using a modified 

ultra-performance liquid chromatography (UPLC) method.43

Cellular P-glycoprotein expression
The effect of BS20 on Pgp expression in MDCK-MDR1 cells 

was determined using Western blotting assay. After treatment 

with BS20 (5 or 10 µM) for 3 or 24 h, the cells were harvested, 

and proteins were extracted with radio-immunoprecipitation 

assay (RIPA) lysis buffer (Beyotime Biotechnology, Shang-

hai, China) containing a protease inhibitor cocktail (Thermo 

Fisher Scientific Inc), phenylmethanesulfonyl fluoride (PMSF) 

(Beyotime Biotechnology) for 30 min on ice. The sample was 

centrifuged at 20,800 ×g for 15 min at 4°C. The supernatant 

was collected, and the protein content was measured using 

the bicinchoninic acid (BCA) protein assay kit (Thermo 

Fisher Scientific Inc). Equal amounts of individual protein 

samples were separated by 8% SDS–PAGE gel and then 

electro-transferred onto the polyvinylidene difluoride (PVDF) 
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membrane (Bio-Rad Laboratories Inc, Hercules, CA, USA). 

Membranes were blocked for 30 min with 5% non-fat dry 

milk (Bio-Rad) in TBST buffer (composed of 50 mM Tris (pH 

7.6), 150 mM NaCl, and 0.1% Tween-20) and incubated with 

the antibodies against Pgp (1:1,000) and GAPDH (1:1,000) 

overnight at 4°C. After incubation with secondary antibody 

(1:1,000), the specific protein bands were visualized using a 

chemiluminescence kit (Thermo Fisher Scientific), and the 

chemiluminescent signals were quantified using ChemiDoc 

MP Gel Imaging System (Bio-Rad, Hercules, CA, USA).

Quantitative gene expression analysis
After treatment with BS20 (5 or 10 µM) for 3 or 24 h, the total 

RNA of MDCK-MDR1 cells was isolated by the TaKaRa Mini-

BEST universal RNA extraction kit (TaKaRa Bio Inc., Tokyo, 

Japan) according to the manufacturer’s protocol. The content 

of total RNA was detected by the Nano Vue spectrophotom-

eter (Biochrom, Cambridge, UK). The cDNA was synthesized 

using the PrimeScript™ RT reagent kit with gDNA eraser 

(TaKaRa) in accordance with the manufacturer’s instruction.44 

Gene expression levels were assessed by real-time quantitative 

polymerase chain reaction with the Applied Biosystems ViiA 

7 (Thermo Fisher Scientific). The primers were synthesized 

by Sangon Biotech (Shanghai, China) and sequences were as 

follows: Pgp, forward 5′TGGCACCCAGCACAATGAA3′ 
and reverse 5′CTAAGTCATAGTCCGCCTAGAAGCA3′; 
GAPDH, forward 5′GCACCGCAAGGCTGAGAAC3′ and 

reverse 5′TGGTGAAGACGCCAGTGGA3′. The ampli-

fication procedure was as follows: 1 cycle at 95°C for 30 

s, 40 cycles at 95°C for 5 s, and 60°C for 30 s. At the end 

of PCR reactions, melt curve analyses were performed. 

Relative gene expression of Pgp was determined after 

normalizing to GAPDH in each sample using 2-∆∆Cq method.

Intracellular aTP level
The intracellular ATP content was determined using ATPlite 

Luminescence ATP Detection Assay System with modifications 

from the manufacturer’s protocol. Briefly, MDCK-MDR1 cells 

were seeded on 96-well plates (1 × 104 cells/well) and allowed 

to adhere overnight. After treatment with BS20 (5 or 10 µM) 

for 3 or 24 h, the cells were lysed by three freeze-thaw cycles in 

lysis reagent. An equal volume of substrate reagent was added to 

each well and rocked for 10 min at room temperature. Intracellu-

lar ATP content was measured by a luminescent plate reader.

P-glycoprotein ATPase activity
Pgp ATPase activity was measured using the Pgp-Glo 

assay system with human Pgp membrane according to the 

manufacturer’s instructions (Promega Co.). The assay relies 

on the ATP dependence of the light-generating reaction of 

firefly luciferase. Briefly, 25 µg of Pgp membrane was incu-

bated at 37°C with either Na
3
VO

4
 (100 µM), buffer (blank), 

verapamil (100 µM, positive control), BS20 (5 or 10 µM), or 

verapamil (100 µM) plus BS20 (5 or 10 µM). The ATPase 

reaction was initiated by addition of 5 mM MgATP and fol-

lowed by incubation at 37°C for 120 min. The reaction was 

stopped, and the remaining unmetabolized ATP was detected 

as a luciferase-generated luminescence signal by addition 

of ATP detection reagent. Following a room-temperature 

signal-stabilization period (30 min), luminescence was read 

on a microplate luminometer. Pgp ATPase activity was 

presented as a drop in luminescence of samples compared 

to that treated with Na
3
VO

4
.

Preparation of BBr-Bs20-Ncs
BBR-BS20-NCs were prepared by a three-phase nanoparticle 

engineering technology with some modifications.45 In brief, 

BBR and BS20 were dissolved in methanol with mass ratio 

of 4:1 (BBR:BS20, w/w) and coprecipitated by evaporating 

the methanol under reduced pressure. The trace amount 

of methanol in precipitate was removed under a vacuum 

with desiccators for 4 h. Subsequently, the precipitate was 

hydrated in water for 10 min, vortexed, and then sonicated 

with a bath-type sonicator (output 80 kC, 80 w) for 10 min to 

form BBR-BS20-NCs. The powdered BBR-BS20-NCs were 

obtained by lyophilizing the sample with a freeze dryer (Ilshin 

Lab Co., Ltd., Yangju, Korea). In addition, the nanocrystals 

of BBR without BS20 (BBR-NCs) were prepared using the 

same method but without addition of BS20.

Characterization of BBR-BS20-NCs
The size distribution, polydispersity index (PDI), and zeta 

potential of the prepared BBR-BS20-NCs were determined 

using a Zeta-sizer Nano instrument (Malvern Instruments, 

Malvern, UK) at room temperature.

The X-ray diffraction patterns of BBR, BS20, physical mix-

ture, and BBR-BS20-NCs were achieved with a D8 advance 

X-ray diffractometer (Bruker-AXS, Karlsruhe, Germany) 

using the Cu Kα radiation generated at a current of 20 mA 

and a voltage of 30 kV. The data were achieved at the 

step width of 0.02° with a scan rate of 6°/min from 10° to 40°.

The thermogram of BBR, BS20, physical mixture, and 

BBR-BS20-NCs were recorded using a differential scanning 

calorimetry system (DSC-60; Shimadzu, Koyo, Japan). The 

temperature range was from 50°C to 150°C at a heating rate 

of 10°C/min with a constant N
2
 flow of 20 mL/min.
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The Fourier transform infrared (FTIR) spectra of BBR, 

BS20, physical mixture, and BBR-BS20-NCs were recorded 

with a FTIR spectrometer (Bruker, Ettlingen, Germany) using 

the KBr method.46

The morphologies of BBR, BS20, physical mixture, and 

BBR-BS20-NCs were accomplished using scanning electron 

microscopy (SEM, S-3700; Hitachi, Tokyo, Japan). Briefly, an 

appropriate amount of each sample was fixed on a SEM stub 

using double-sided adhesive tape and coated with Au. The coated 

samples were examined at an acceleration voltage of 15 kV.47

In vitro drug dissolution
The in vitro drug dissolution of BBR, physical mixture, and 

BBR-BS20-NCs were determined using a dialysis method. 

Briefly, an equal amount of BBR (1 mg) for each sample was 

dispersed into 0.5 mL of Milli-Q water and transferred into a 

dialysis bag (cut off 8,000–12,000 Da). The bag was placed into 

a conical flask containing 50 mL of water, and then incubated 

on a water-bath thermostatic oscillator at 37°C ± 0.5°C with a 

speed of 100 rpm for 2 h. The cumulative drug release at indi-

cated time intervals was determined by the UPLC method.

Bidirectional transport of BBr-Bs20-Ncs 
in MDCK-MDR1 monolayer
The harvested MDCK-MDR1 cells were plated onto poly-

carbonate inserts (22.74 mm ID, 0.4 µm pore size, 4.06 cm2 

of growth area; SPL Life Sciences Co., Pochoen, Korea) at 

a density of 5 × 105 cells/well and cultured for 7 days prior 

to transport experiments. The integrity of the monolayer 

was monitored by measuring the transepithelial electrical 

resistance (TEER) at 37°C with an epithelial voltohmmeter 

(World Precision Instruments, Inc., Sarasota, FL, USA). 

Only MDCK-MDR1 monolayers with a TEER value above 

200 ohms (after subtracting the background value of the 

transwell) were employed in the transport study.

The transport study was carried out in Hank’s balanced 

salt solution (HBSS) buffer (pH 7.4). MDCK-MDR1 cell 

monolayers were rinsed twice and equilibrated with HBSS 

buffer at 37°C for 30 min before the transport experiment. In 

the bidirectional transport study, BBR (10 µM) in the absence 

of or in the presence of verapamil (10 µM) or CsA (2 µM), 

or BBR-BS20-NCs (containing 10 µM BBR) in HBSS were 

loaded onto the apical (AP) (1.5 mL of transport buffer) or 

basolateral (BL) (2.6 mL of transport buffer) side, the so-

called donor side. Aliquots of 1 mL samples were taken from 

the other (receiver) side at different time points (15, 30, 45, 

60, 90, and 120 min) during the experiment. The same volume 

of blank HBSS buffer was replaced to the receiver chamber 

after each sampling. All the samples were stored at -20°C 

before the UPLC analysis. At the end of the experiment, the 

MDCK-MDR1 cells on the membranes were washed twice 

with ice-cold PBS and then collected. The BBR inside the 

cells was extracted with 1 mL methanol-water (80:20, v/v) for 

the UPLC analysis. The permeability coefficient (P
app

), efflux 

ratio (EfR), absorptive quotient (AQ), and secretory quotient 

(SQ) were calculated according to our previously reported 

methods,42 to evaluate the enhancement effect of BBR-BS20-

NCs on BBR absorption in MDCK-MDR1 cell model.

In vivo pharmacokinetic study
Male Sprague Dawley rats (8 weeks of age) were fed on a 

standard laboratory diet with free access to water under the 

controlled temperature at 20°C–22°C and relative humidity 

of 50% with 12-hour light/dark cycle. One day prior to drug 

administration, the rats were surgically cannulated with 

polyethylene catheters (polyethylene tubing, 0.4 mm internal 

diameter (ID), 0.8 mm outside diameter (OD); Portex Ltd., 

Hythe, Kent, England) on the right jugular veins under anes-

thesia with 10% chloral hydrate. The animals were recovered 

in individual metabolic cages and fasted but were allowed free 

access to water overnight. All the experimental protocols (ref-

erence No: UMARE-029-2016) were in accordance with the 

National Institutes of Health guidelines for the Care of Use of 

Laboratory Animals, and approved by the Animal Research 

Ethics Committee, University of Macau, Macau SAR, China.

Ten surgically cannulated Sprague Dawley rats were ran-

domly divided into two groups and orally administered 0.5% 

Carboxymethylcellulose sodium (CMC-Na) suspension liquid 

of BBR (65 mg/kg) and BBR-BS20-NCs (85 mg/kg, equivalent 

to 65 mg/kg BBR), respectively. Serial venous blood samples 

(0.25 mL) were collected from the right jugular vein via the can-

nulated catheter into heparinized tubes at 0.5, 1, 2, 3, 4, 6, 8, 12, 

and 24 h after drug administration. After each blood sampling, an 

equivalent volume of heparinized saline (0.25 mL) was injected 

into the rats to maintain a constant blood volume. The collected 

blood samples were centrifuged at 16,000 ×g for 10 min and 

the plasma was collected and stored at -20°C until the UPLC 

analysis. The coptisine solution was used as internal standard. 

The plasma concentrations vs time profiles were analyzed with 

DAS 2.0 software (Mathematical Pharmacology Professional 

Committee of China; Shanghai, China). The non-compartmental 

model was used to estimate the pharmacokinetic parameters.

Statistical analysis
Statistically significant differences between two groups or 

more than two groups were evaluated by Student’s t-test 
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and one-way analysis of variance, respectively. A value of 

p , 0.05 was considered significant for all tests.

Results
Effects of Brij-S20 on P-glycoprotein
cellular uptake
Rhodamine123 (Rho123), a substrate of Pgp, is frequently 

used in Pgp efflux study.48 Verapamil and CsA were used to 

inhibit Pgp efflux and increase cellular uptake of Pgp sub-

strate. To select an optimal Brij for the preparation of BBR 

nanocrystals, the effects of representative Brijs (comprising 

four chemical types) on the uptake of Rho123 in MDCK-

MDR1 cells were determined and compared (Figure 2). 

The result indicated that polyoxyethylene (n) stearyl ether, 

especially polyoxyethylene (20) stearyl ether (Brij-S20), 

presented the most potency on increasing the intracellular 

accumulation of Rho123 than other types of Brijs. Therefore, 

Brij-S20 was selected for further studies.

The effects of verapamil (10 µM), CsA (2 µM), or BS20 

(8.1 µM) on intracellular uptake of BBR in MDCK-MDR1 

cells were compared and illustrated (Figure 3). Compared 

to the BBR group, BS20 and verapamil significantly 

increased the cellular uptake of BBR by 4.1-fold and 5.4-fold 

respectively, which was higher than that by CsA (2.9-fold). 

The result suggested that BS20 might be developed as a 

potential Pgp modulator to facilitate the intestinal absorp-

tion of BBR.

Potential mechanisms of Brij-S20 on P-glycoprotein 
modulation
To investigate the potential mechanisms of BS20 on Pgp, the 

effects of BS20 on cellular Pgp protein expression, mRNA 

expression, and intracellular ATP level, and Pgp-ATPase 

activity in MDCK-MDR1 cells were determined.

As shown in Figure 4A, after treatment with BS20 for 3 h 

and 24 h, no significant changes in Pgp protein expression 

were observed in MDCK-MDR1 cells. Also, there was no 

statistically significant change in mRNA expression after 

3 h of incubation with BS20 at 5 µM and 10 µM concentra-

tions (0.9- and 1.4-fold, respectively). However, the mRNA 

expression of Pgp showed a significant change after exposure 

to BS20 for 24 h. BS20 at 5 µM and 10 µM concentrations 

showed a concentration-dependent upregulation of mRNA 

levels to 2.3- and 3.8-fold, respectively (Figure 4B).

Interestingly, the activity of intracellular ATP was 

observed to be dose-dependently inhibited by BS20 in 3 h, 

and this effect could be reversed to normal level in 24 h 

(Figure 4C). Moreover, the effects of BS20 on activities 

Figure 2 Influence of Pgp inhibitors and nonionic surfactants on cellular uptake of Rhodamine123 by MDCK-MDR1 cells incubated at 37°C for 90 min (n = 3). **p , 0.01 
vs control group.
Abbreviations: Pgp, P-glycoprotein; CsA, cyclosporin A; Ver, verapamil; BD, decaethylene glycol monododecyl ether; TPGS, D-α-Tocopherol polyethylene glycol 1000 succinate.
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of human Pgp-ATPase and verapamil-stimulated human 

Pgp-ATPase were determined and compared using the Pgp-

Glo assay system (Figure 4D). Verapamil (100 µM) strongly 

stimulated the Pgp-ATPase activity by 7.9-fold compared 

with that of the normal control (basal level). BS20 at 5 µM 

and 10 µM concentrations presented a dose-dependent 

stimulation of the Pgp-ATPase activity by 3.5- and 4.5-fold, 

respectively. However, combinations of BS20 and verapamil 

presented the intermediate strength on Pgp-ATPase stimula-

tion (5.8- and 6.0-fold, respectively) between the BS20 and 

verapamil groups.

Characterization of BBR-BS20-NCs
The size distribution, PDI, and zeta potential of various 

BBR-NCs and BBR-BS20-NCs were determined and are 

summarized in Table 1. Although BBR could form nano-

crystals alone, the BBR-NCs (size: 230.0 nm, PDI: 0.27, and 

zeta potential: 0.09 mV) were found to be significantly aggre-

gated and precipitated in 12 h at 4°C in aqueous solution. 

Figure 3 Effects of verapamil, cyclosporin A, or Brij-S20 on cellular uptake of BBR 
in MDCK-MRD1 cells. The cells were treated with BBR (100 µM) in the absence or 
presence of verapamil (10 µM), cyclosporin A (2 µM), and Brij-S20 (8.1 µM) at 37°c 
for 90 min. Data are represented as the mean ± SD (n = 3). *p , 0.05, **p , 0.01 
vs BBr group.
Abbreviations: BBR, berberine; BS20, Brij-S20; CsA, cyclosporin A; Ver, 
verapamil.
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Moreover, addition of BS20 could improve the stability of 

BBR nanocrystals; the BBR-BS20-NCs (size: 148.0, PDI: 

0.31, and zeta potential: 0.76 mV) were observed to be stable 

at 24 h at 4°C in aqueous solution.

The XRD patterns (Figure 5A) showed that BBR and 

BS20 possessed the crystalline structure with two pronounced 

diffraction 2θ peaks of 25.52° and 26.33° for BBR as well 

as of 19.52° and 23.50° for BS20, respectively. Both two 2θ 

peaks could be observed in the pattern of the physical mixture 

but were weak in the pattern of BBR-BS20-NCs; these weak 

peaks suggested the BBR was maintained in the crystalline 

state in the prepared nanosuspension.

The thermograms of BBR, BS20, physical mixture, and 

BBR-BS20-NCs are illustrated in Figure 5B. BBR presented 

a characteristic peak at 95°C predominantly corresponding 

to drug melting endotherm. The intensity of the character-

istic peak was weakened in the thermogram of the physical 

mixture and almost disappeared in that of BBR-BS20-NCs, 

indicating much loss of its crystallinity.

The FTIR spectra of BBR, BS20, physical mixture, and 

BBR-BS20-NCs are illustrated in Figure 5C. The spectra of 

both the physical mixture and BBR-BS20-NCs presented 

a simple overlap with those of BBR and BS20. The results 

indicated that there was no chemical reaction between BBR 

and BS20 in the formation of BBR-BS20-NCs.

The representative SEM images of BBR, BS20, physical 

mixture, and BBR-S20-NCs are illustrated in Figure 5D. The 

pure BBR exhibited irregular crystal structure and rough sur-

face with the size of 1–2 µm, while BS20 exhibited irregular 

structure and smooth surface with the size .5 µm. Physical 

mixture (mechanically blended berberine and Brij-S20) was 

observed with the simple overlay of BBR and BS20 by the 

Table 1 Characteristics of BBR nanocrystals

Surfactants Size 
(nm)

PDI Zeta 
potential (mV)

BBr-Ncs 230.0 ± 13.7 0.27 ± 0.03 0.09 ± 0.03
BBr-Bs20-Ncs 148.0 ± 3.2 0.31 ± 0.05 0.76 ± 0.01
Lyophilized BBR-BS20-NCs 161.0 ± 19.3 0.29 ± 0.03 -0.83 ± 0.08

Note: Data are presented as mean ± SD (n = 3).
Abbreviations: BBR, berberine; NCs, nanocrystals; BS20, Brij-S20; PDI, 
polydispersity index.

θ °

Figure 5 The XRD patterns (A), DSC thermograms (B), FTIR spectra (C), and representative SEM images (D) of BBR (a), Brij-S20 (b), physical mixture (c), and BBR-BS20-
NCs (d). Scale bar = 5 µm; magnification: ×10,000.
Abbreviations: BBR, berberine; NCs, nanocrystals; BS20, Brij-S20; XRD, X-ray diffraction; DSC, differential scanning calorimetry; FTIR, Fourier transform infrared; SEM, 
scanning electron microscopy.
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surface adherence of BS20 to the surface of BBR. By contrast, 

BBR-BS20-NCs showed a prism-like morphology with smooth 

surface, which was quite different to the form of pure BBR.

Dissolution test
The in vitro drug release of BBR, physical mixture, and 

BBR-BS20-NCs is illustrated in Figure 6. Physical mixture 

of BBR with BS20 did not influence the dissolution rate and 

cumulative release of BBR, when compared to those of pure 

BBR. However, BBR-BS20-NCs significantly improved the 

dissolution rate and extent of release of BBR, which might 

be due to the reduced particle size and increased specific area 

of the nanocrystal formulation.

Transepithelial transport of BBr
The transepithelial transport of BBR-BS20-NCs and BBR (in 

the absence or presence of Pgp inhibitors) across the MDCK-

MDR1 cell monolayer was determined and compared. The 

results are summarized in Table 2. BBR exhibited a strong 

efflux in MDCK-MDR1 cell model at the concentration 

of 10 µM. The secretory permeability coefficient of BBR 

(P
app

[BL-AP]: 2.85 ± 0.04 × 10-6 cm/s) was found to be 7.1-

fold its absorptive permeability coefficient (P
app

[AB-BL]: 

0.40 ± 0.01 × 10-6 cm/s). However, the BBR efflux could 

be significantly inhibited by the Pgp inhibitors of CsA (2 

µM) and verapamil (10 µM) with the decreased EfR values 

of 4.83 and 2.17, respectively. It is worth noting that BS20 

modulated Pgp efflux and increased BBR permeability in 

both physical mixture group and BBR-BS20-NCs group (EfR 

values 3.77 and 3.62, respectively).

In vivo pharmacokinetic study
The plasma concentration curve of BBR vs time obtained 

after oral administration of pure BBR and BBR-BS20-

NCs is shown in Figure 7, and the main pharmacokinetic 

parameters are listed in Table 3. In Figure 7, a double-

absorption curve was observed in both pure BBR and 

BBR-BS20-NCs, and this may be due to enterohepatic 

circulation as reported by previous studies.49,50 The C
max

 and 

AUC
0~t 

values of BBR-BS20-NCs were 1.9- and 2.4-fold to 

the values of pure BBR, and the relative bioavailability of 

BBR-BS20-NCs to pure BBR was 404.1%. The increased 

absorption and improved bioavailability of BBR-BS20-

NCs group proved that the improvement of BBR solubility 

after preparation of nanocrystal formulation and BS20 is 

an efficient Pgp modulator to inhibit Pgp-mediated drug 

efflux.

Figure 6 In vitro dissolution profiles for pure BBR, physical mixture (blended 
berberine and Brij-s20), and BBr-Bs20-Ncs. Data are presented as mean ± SD (n = 3).
Abbreviations: BBR, berberine; NCs, nanocrystals; BS20, Brij-S20.

Table 2 Comparison of the absorptive and secretory coefficients 
(Papp) and the efflux ratios (EfR) of berberine (10 µM) across 
MDCK-MDR1 cell monolayer in the absence and presence of 
inhibitors or nanocrystal formulations

BBR + inhibitors or 
surfactants

Papp(AP-BL) 
(×10-6 cm/s)

Papp(BL-AP) 
(×10-6 cm/s)

EfR

BBR (10 µM) 0.40 ± 0.01 2.85 ± 0.04 7.12
BBr + CsA (2 µM) 0.42 ± 0.08 2.04 ± 0.15# 4.83
BBr + Ver (10 µM) 0.61 ± 0.05* 1.32 ± 0.05## 2.17
BBr + BS20 (0.81 µM) 0.59 ± 0.06* 2.21 ± 0.14# 3.77
BBR-BS20-NCs (0.81 µM) 0.55 ± 0.02* 2.00 ± 0.07## 3.62

Notes: Data are expressed as mean ± SD (n = 3). *p , 0.05 vs BBR group (AP-BL); 
#p , 0.05, ##p , 0.01 vs BBR group (BL-AP). EfR = Papp(BL-AP)/Papp(AP-BL).
Abbreviations: BBR, berberine; NCs, nanocrystals; BS20, Brij-S20; CsA, 
cyclosporin A; Ver, verapamil; AP-BL, apical-basolateral; BL-AP, basolateral-apical.
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Figure 7 Plasma concentration-time curves of berberine in rats after oral adminis-
tration of pure berberine (65 mg/kg) and BBR-BS20-NCs (equivalent to 65 mg/kg 
berberine). Data are presented as mean ± SD (n = 5).
Abbreviations: BBR, berberine; NCs, nanocrystals; BS20, Brij-S20.
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Discussion
Pgp, a product of ABCB1 gene (or human MDR1), is com-

posed of 1,280 amino acids with 170 kDa molecular weight 

and having 2 ATP-binding cassettes and 12 transmembrane 

helices in its structure.51 In human intestine, Pgp sits on the 

apical surface of superficial columnar epithelial cells,52 which 

act as the gatekeepers for cells, controlling cellular uptake and 

drug efflux.53 Because of the function of Pgp efflux, sufficient 

oral absorption of BBR would not be expected.

TPGS has been widely studied as a functional excipient 

for overcoming multidrug resistance (MDR) and as an inhibi-

tor of Pgp for increasing the oral bioavailability of anticancer 

drugs.54 Recently, the key structures of Brij surfactants that 

play a role in overcoming MDR in cancer cells were investi-

gated and reported.41 The structure of Brij is similar to that of 

TPGS, and both of them have an amphiphilic structure with 

a lipophilic tail of varying lengths of linear hydrocarbon and 

a hydrophilic polar head of varying lengths of polyethylene 

glycol. Thus, Brij surfactants might be developed as another 

functional excipient and can help to improve the oral bio-

availability of drugs influenced by Pgp. As shown in Figure 2, 

although TPGS is the most powerful nonionic surfactant with 

the function of Pgp inhibition, the critical micelle concentra-

tion of BS20 (0.006 mM) is much lower than that of TPGS 

(0.02 mM). So BS20 was selected to form BBR-BS20-NCs. 

The reason why we prepared BBR-BS20-NCs is due to their 

structural simplicity, as BBR-BS20-NCs only require one 

type of Brij surfactant as an excipient.

Using efflux transporter modulators may be another 

promising strategy, especially functional excipients that 

are frequently applied as pharmaceutical additives and can 

suppress the function of efflux transporters involving Pgp.11 

In the present study, BS20 increased the accumulation of 

BBR in MDCK-MDR1 cells (Figure 3), suggesting that it 

could inhibit the efflux function of Pgp, thereby increasing 

the intracellular concentration of Pgp substrate.

Expression of Pgp was evaluated by Western blotting 

followed by quantitative PCR assay, and the results (Figure 4A 

and B) indicated that the regulation of BS20 on Pgp expres-

sion was observed at the transcription level instead of protein 

expression level. Actually, Pgp is well equipped for the task 

of cellular defense, and the rapid upregulation of Pgp aims 

to protect the cells against a multitude of adverse insults.55 

Considerable knowledge about the transcriptional upregu-

lation of the Pgp gene now exists. It has been reported that 

in vitro treatment of kidney cancer cells with depsipeptide 

(5 ng/mL, 72 h) resulted in increased expression levels 

of Pgp (6.3-fold).56 This upregulation of mRNA of Pgp 

was also observed to known Pgp inhibitors.57 Exposure of 

human intestinal epithelial T84 cells to Pgp inhibitors such 

as quinidine, atorvastatin, and amprenavir (10 µM, for 72 h) 

significantly increased the mRNA levels of Pgp (3.8-, 4.1-, 

5.1-fold, respectively). These aforementioned results sug-

gested that the potential protective effect of Pgp is expressed 

at transcriptional level, which may not be reflected by the 

increased protein expression.53,58

BS20 inhibited the activity of intracellular ATP in 3 h, 

and this effect reversed to normal level in 24 h (Figure 4C). 

The results suggested that BS20 could enhance the oral 

absorption of BBR by short-term modulation of the function 

of intestinal Pgp, without causing any influence on the physi-

ological properties of intestinal membrane. BS20 might be 

considered to be a safe and functional excipient to increase 

the oral bioavailability of those drugs that exhibit Pgp-

mediated efflux. With regard to Pgp ATPase activity, binding 

of test compounds to the drug-binding cavity in transmem-

brane domain (TMD) of Pgp will stimulate ATPase activ-

ity, and these compounds can be identified as stimulators,59 

while inhibitors bind to the site located in nucleotide binding 

domain of Pgp and inhibit ATP hydrolysis.60 The reduced 

simulation by the combination of verapamil and BS20 

indicated that they competed with one other for interac-

tion with similar drug binding sites inside the TMD of Pgp 

(Figure 4D).61

Lyophilization has been considered a good technique to 

improve the long-term stability of nanoparticles.62 A good 

lyophilizate should be able to be easily reconstituted and 

maintain the physical and chemical properties of the original 

product. In this study, the reconstituted size of lyophilized 

BBR-BS20-NCs (161.0 nm, PDI 0.29) was not significantly 

changed compared to that of the freshly prepared nanosuspen-

sion, but there was a slight shift in the zeta potential which 

was found to be -0.83 mV (Table 1). The results indicated 

the BBR-BS20-NCs exhibited good stability during the 

freeze-drying process.

Table 3 Pharmacokinetic parameters of berberine in rat after 
oral administration of pure berberine (65 mg/kg) and BBR-BS20-
NCs (equivalent to 65 mg/kg berberine)

Parameter Pure BBR BBR-BS20-NCs

Cmax (ng/mL) 74.5 ± 10.6 144.2 ± 43.6*
tmax (h) 1.6 ± 0.5 1.2 ± 0.4
t1/2 (h) 5.4 ± 4.3 23.9 ± 15.8
aUc0–t (ng⋅h/mL) 450.6 ± 119.4 1,081.0 ± 191.5**
aUc0–∞ (ng⋅h/mL) 527.2 ± 177.2 2,130.2 ± 1,082.9*
MrT0–t (h) 9.2 ± 4.2 9.2 ± 1.3

Notes: Data are presented as mean ± SD (n = 5). *p , 0.05 vs pure BBr group, 
**p , 0.01 vs pure BBr group.
Abbreviations: BBR, berberine; NCs, nanocrystals; BS20, Brij-S20; Cmax, the 
maximum concentration observed; tmax, the time of maximum drug concentration 
observed; t1/2, half-life; aUc, area under drug concentration-time curve; MrT, mean 
residence time.
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The distribution of membrane P-gp plays an important 

role in the transepithelial transport of drugs across the intes-

tinal membrane. The expression and activity of the intestinal 

Pgp significantly influence the oral bioavailability of the 

drugs via the Pgp-mediated drug efflux. The expression 

of Pgp increases from proximal regions to distal regions 

in small intestine, which means higher absorption of Pgp 

substrates could be expected at the proximal intestine instead 

of at the distal intestine.63 However, the substrates must be 

released rapidly and become a solution before reaching the 

proximal intestine, to be absorbed at the proximal intestine. 

All these results proved the significance of the absorption of 

Pgp substrates at the proximal intestine in order to escape 

Pgp-mediated efflux.64 Thus, the speed of dissolution of 

BBR would be very significant, especially the rapid solu-

bility will play an important role in escaping from Pgp-

mediated efflux. BBR-BS20-NCs showed faster and more 

complete release in comparison with pure BBR and physical 

mixture (Figure 6). This fast release behavior of BBR- 

BS20-NCs benefits the escape of Pgp-mediated efflux in 

the distal intestine and improve the oral absorption of BBR.

In transwell experiment of BBR (Table 2), the results 

suggested the AQ and SQ values for BBR in the presence 

of 10 µM verapamil were 0.344 and 1.16 respectively, 

suggesting Pgp does not much affect the absorptive trans-

port (AQ ,0.5) of BBR but highly affects its secretory 

transport (SQ .0.5) in MDCK-MDR1 cell model. Based 

on the aforementioned results, it was hypothesized that 

BS20-modified BBR nanocrystals (BBR-BS20-NCs) might 

improve the absorptive transport of BBR by combining the 

advantages of nanocrystal formulation and the modulation 

of BS20 on Pgp. The results of bidirectional transport of 

BBR-BS20-NCs indicated that BBR-BS20-NCs presented 

more potency on enhancing BBR absorption than the physical 

mixture by decreasing the secretory transport (P
app

[BL-AP] 

values of 2.00 ± 0.07 × 10-6 cm/s for BBR-BS20-NCs and 

2.21 ± 0.14 × 10-6 cm/s for physical mixture).

The improvement of the oral bioavailability of BBR is 

a key determinant for its further clinical application. Poor 

solubility and Pgp-mediated efflux induced low intestinal 

permeability which in turn resulted in low bioavailability of 

BBR after oral administration. The developed BBR-BS20-

NCs combine the advantages of nanocrystal formulation 

(drug solubilization) and functional excipient (Pgp modula-

tion), which improved the speed and extent of release of BBR, 

as well as increased the permeability of BBR. Thus, in vivo 

results showed that BBR-BS20-NCs markedly enhanced the 

oral bioavailability of BBR compared to pure BBR. These 

results proved that a BS20-modified nanocrystal formulation 

(BBR-BS20-NCs) is a promising strategy to extend the 

application of BBR in a clinical setting.

Conclusion
In the present study, the effects and mechanisms of the 

nonionic surfactant of BS20 on P-gp modulation in MDCK-

MDR1 cells have been investigated and reported. BS20 has 

been demonstrated to inhibit Pgp activity reversibly and in 

the short term, coupled with a marked increase in Pgp mRNA 

expression but without significant effects on the protein 

expression of cellular Pgp. The results suggest that BS20 

might be used as a pharmacological nonactive Pgp inhibitor 

to improve the oral bioavailability of those drugs which are 

affected by the Pgp-mediated efflux.

Based on the aforementioned results, BS20-modified 

BBR nanocrystals (BBR-BS20-NCs) have been developed 

and characterized. BBR-BS20-NCs present smaller particle 

size and better stability than BBR-NCs (without BS20). 

Moreover, BBR-BS20-NCs effectively overcome Pgp-

mediated BBR efflux (EfR value of 7.12) and significantly 

enhance BBR absorption (EfR value of 3.62) in MDCK-

MDR1 cells. Also, pharmacokinetic study proved that BBR-

BS20-NCs statistically enhanced the bioavailability of BBR 

by combination of the advantages of nanocrystal formulations 

and Pgp modulation by BS20.
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